We studied the effect of DL-3-hydroxybutyrate and acetoacetate on lactate transport into isolated hepatocytes and on lactate removal in the isolated perfused rat liver. Ketone bodies inhibited lactate transport into isolated hepatocytes (maximum, 35% at concentrations of 10-20 mM). Lactate removal and glucose production by perfused livers were examined before and after the introduction of a constant infusion of hydroxybutyrate, acetoacetate, or appropriate control into the portal venous limb. Lactate removal was significantly inhibited within 10 s of the appearance of increasing concentrations of ketone bodies in the effluent. Corresponding decreases in glucose production were observed. The dependence of inhibition on D-3-hydroxybutyrate concentration was documented in isolated perfused livers (maximum inhibition of lactate removal, 58% at 14 mM). This phenomenon could be a factor in the development of lactic acidosis accompanying ketoacidosis, and indicates that plasma membrane lactate transport may determine the rate of hepatic lactate removal.
Introduction
We have previously described a stereoselective, pH dependent, high affinity carrier mechanism for lactate entry into isolated rat hepatocytes (1) and these findings have been confirmed by Fafournoux et al. (2) . We have postulated that this mechanism might be rate-limiting for overall lactate removal under certain circumstances in intact liver (1, 3) . Recent studies have shown that lactate binds stereoselectively and in a saturable fashion to a protein of 26,000 molecular weight (mol wt) in preparations of rat and human hepatocyte plasma membranes (4) . We suggest that this binding protein may be the transporter or a fragment of it.
The hepatocyte plasma membrane lactate transporter, like monocarboxylate transporters in other tissues, is probably a semispecific process and is inhibited by pyruvate and 2-oxoglutarate (4) . The theoretical possibility thus arises that lactate transport and overall hepatic lactate uptake might be inhibited in vivo under circumstances in which high concentrations of a competing monocarboxylate occur. Because and lactate have been shown to share the same plasma membrane carrier mechanism in several tissues (5, 6), we were interested in the possible interrelationships between transport of these monocarboxylates in hepatocytes, especially in view of the fact that clinical ketoacidosis is frequently accompanied by lactic acid accumulation.
We report here the effect of 3-hydroxybutyrate and acetoacetate on lactate transport into isolated hepatocytes. In 3H20 was used as a cell water marker. The calculation method of intracellular activity with a correction for extracellular contamination was as previously described (1) . We have shown that at 15 s <12% of counts have reached metabolites beyond lactate (1) .
Rates of glucose formation were determined by incubating aliquots of cell suspension in the presence of 1 mM lactate with or without 20 mM sodium DL-3-hydroxybutyrate. The incubations were terminated after 20 min by the addition of 0.6 M perchloric acid and glucose concentrations measured in the acid extract by the method of Stein (8) .
Isolatedperfused liver studies. Livers from male Sprague Dawley rats starved for 48 h (weight, 150-200 g) were perfused using the constant flow technique described by Cohen et al. (9) . The medium consisted of Krebs (10) . 5 min after the start of the infusion, the right lobe was freezeclamped. pH, Pco2, and Po2 in the portal and hepatic venous perfusate were measured using an analyzer (Micro 413; Instrumentation Laboratory, Harrington, United Kingdom). For metabolite measurements, 2-ml samples of perfusate were added to 4 ml 0.6 M perchloric acid and stored at -20°C until analysis. Lactate and glucose were measured by the methods of Hohorst (11) and Stein (8) . Lactate removal and glucose production were calculated using the Fick principle. Acetoacetate and o-3-hydroxybutyrate were measured in perchlorate extracts of perfusate and powdered freeze-clamped liver by the procedure of Williamson et al. (12) . In experiments where DL-3-hydroxybutyrate was infused, total perfusate ketone concentration was derived from measured acetoacetate and D-hydroxybutyrate using the previously determined ratio of D to Lisomer (1:1) in the racemic mixture.
Results are expressed as means±SEM unless otherwise indicated. Significance between mean values was analyzed using two-tailed unpaired t tests. (1-3) . The inhibition of lactate removal by 3-hydroxybutyrate in the perfused liver experiments described in this paper provides the first indication that inhibition of the transporter may limit lactate uptake and metabolism in intact liver.
Results

Effect
The data indicate that lactate removal is inhibited within 10 s of exposure of the liver to 3-hydroxybutyrate. We (17) . This is in contrast to the findings of other groups who observed stimulation of gluconeogenesis from lactate by ketones, in the perfused rat liver (18, 19) . Contradictory findings in different species have been attributed to differences in the distribution of the gluconeogenic enzymes, particularly phosphoenol pyruvate carboxykinase, between the cytosolic and mitochondrial compartments (20) . In the rat this enzyme is virtually confined to the cytosol while in other species a significant portion is located in the mitochondria. Apparently contrasting results within species require further explanation. Patel This could partly explain the frequently observed lactic acid accumulation in diabetic ketoacidosis, which has previously been attributed (21) to increased peripheral glycolysis due to reduced tissue perfusion. It could be argued that infusion of hydroxybutyrate might not have the same effect on net lactate entry as might occur in diabetic ketoacidosis, in which ketone bodies arise within the cell. Thus, if the lactate transporter is symmetrical, high intracellular concentrations of ketones might inhibit effilux of lactate, and the net effect on lactate uptake might be opposite to that observed by us. However, the data in Fig. 7 indicate that the intracellular concentration of hydroxybutyrate rises very rapidly after the start of the infusion to levels comparable with that ofthe perfusate. Despite these high intracellular concentrations, which are comparable to those observed in livers from severely diabetic ketoacidotic rats (mean tissue concentration 8.7 mmol/kg, extracellular 7.1 mM (22)), marked inhibition of lactate removal persists. These observations suggest that the lactate transporter may not be symmetrical and that the effects observed in the present study may be clinically relevant. Nevertheless, lactate accumulation is only present in a proportion of patients with ketoacidosis of various origins. Whether lactate accumulation does occur may depend on the relative magnitude in individual patients of (a) suppression of peripheral glycolysis by acidosis, (b) adequacy ofperipheral perfusion, (c) stimulation of lactate transport into liver by acidosis (1, 2), and (d) the effect of ketone bodies described here.
Our findings clearly indicate that inhibition ofhepatic plasma membrane lactate transport results in reduced overall hepatic lactate removal. This hitherto neglected site ofcontrol of lactate metabolism should be considered, in addition to intracellular events, in future studies of controlling factors in acid-base homeostasis and gluconeogenesis. The observations also suggest that the hydroxybutyrate-inhibitable portion of lactate removal can be used as an indicator of lactate-transporter activity in studies of physiological and pathological variations of lactate uptake in perfused rat liver.
